Producing the green energy of tomorrow will require highly efficient as well as energy-, and cost-effective solar cells in addition to having reasonable lifetimes. To determine if CIGS can be made to submit to these constraints, we produced ultra-thin (500nm) single-stage coevaporated CIGS solar cells. We doped these cells with varying amounts and types of alkali atoms and submitted them to accelerated lifetime testing. Results showed definite effect of the alkali concentration on the degradation of the cells but showed limited migration. Instead, the seeping of water into the grain boundaries was identified as the main culprit for performance degradation.
I. INTRODUCTION
In the future, a significant amount of the energy humanity requires on a daily basis to function normally will have to be provided by renewable energy sources like wind, water, and solar power. To keep up with the always increasing demand for energy, the solar cells of the future will have to be highly efficient, easy to produce in a cost-effective way, and long lasting. All of this is necessary for them to remain a viable industry option and to keep in mind recycling restrictions.
Thin-film solar cells, in particular Cu(In,Ga)Se2 (CIGS), are a perfect candidate for these solar cells of the future as they already have achieved high efficiencies close to 23% [1] . However, they also suffer from a number of problems that need to be solved. Firstly, there is a quite considerable gap between efficiencies that are achievable in the laboratory and the industry. This mostly comes from the fact that processes commonly used to produce record cells, such as three-stage coevaporation to achieve a complex Ga-grading are difficult to upscale properly.
Secondly, materials such as In and Ga are rather scarce and could end up being a limiting factor to the total production capacity of this type of thin-film solar cells.
Lastly, on the way to achieving very high efficiencies for CIGS thin film solar cells, alkali doping has become a necessary step. However, it is expected that a migration of the various alkali atoms over the lifetime of the cell will lead to efficiency losses [2] .
Logically, ensuring the reliability of a solar cell material is a paramount step towards the commercialization of a product. Indeed, it is necessary for companies to be able to guarantee the efficiencies of the "as-sold" panels over periods of time that expand well over 20 or even 25 years.
Experiments studying the reliability of the CIGS solar cells and their different components have already been performed in the past [2] [3] [4] [5] , nevertheless, the exact effects of alkali, and more generally, the precise reasons for, and effect of, the degradation, are still widely unknown.
We endeavor to determine if it is possible to produce CIGS solar cells that align with the previously-cited constraints.
II. EXPERIMENTAL DETAILS
To do so, the absorber material is coevaporated in ultra-thin (400-500nm) layers, using a 1-stage process that produces a flat and homogeneous Ga-gradient profile. By reducing the amount of bulk material, the aim is to reduce the concentration of defects in the material and limit their effects as much as possible. In addition, this process complies with the industry constraint to limit material usage as much as possible. These CIGS layers are deposited on soda-lime glass (SLG) equipped with a Si(O,N) diffusion barrier. The barrier prevents the diffusion of alkali atoms from the SLG into the CIGS and allows for a better control of the concentration of alkali atoms in the layer. Additionally, it allows for a better isolation of the effects of the different alkalis by preventing an uncontrolled mix of alkali from being present in the absorber material.
All alkalis are deposited in their fluoride form (NaF, KF, etc.) either by evaporation, prior to CIGS deposition, or by a post deposition treatment. Table 1 is a matrix of the different alkali treatment parameters for the samples used in this paper.
Once finished, we submitted the unencapsulated cells to accelerated lifetime testing (ALT) under highly degrading conditions in an 85ºC/85% room humidity (RH) damp heat 978-1-7281-0494-2/19/$31.00 ©2019 IEEE environment. This aggressive setting is expected to simulate standard outdoor condition equivalent to 20 years in an experimentally reasonable timespan of a 1000 hours. 
To keep track of what happens with the cell performance over their lifetime, we monitored the effects of the degradation by regular current-voltage (IV) measurements all along the 1000h experiment.
The terminally degraded cells are then further analyzed using atom probe tomography (APT) to study them on an atomic level and determine what happened to the material itself during degradation.
III. RESULTS
The results obtained from IV measurements, as shown in figure 1 , show a clear, and alkali concentration dependent, degradation of the solar cells as time increases. On the graphs in figure 1 , it is possible to see that in the period between the two first measurements, i.e. 24h, the efficiency of the sample without alkali as well as the sample doped with both Na and K improve. For all samples doped exclusively with Na, the efficiency is already lowered, even after this very short period of time. After this first measurement point, the efficiency of all the cells decreased continuously, with the sample doped with both K and Na showcasing the heaviest degradation among all the samples. When it comes to the samples doped with varying amounts of Na, it seems that the degradation speed is more or less linked to the amount of Na that was supplied during processing. Interestingly enough, the solar cell parameters of the sample exempt of alkali atom stay almost constant throughout most of the duration of the ALT experiment. The efficiency of this sample only starts to degrade after the 4 th measurement point. At this point, heavy corrosion of the solar cell contacts has started to set in. This means that it becomes increasingly difficult to get IV measurements and that the results at that point might very well be due to the degradation of the contacts, rather than to a degradation of a material itself.
Using APT on degraded as well as on undegraded (reference) cells, it was possible to show that in the absence of a potential, the alkali atom migration is minimal, and that K can be mostly found in the grain boundary region of the absorber material.
The locations of the sample in which the alkali atoms were detected during APT are the ones that were expected. Indeed it is generally accepted that K will be found in the grain boundary and since Na is deposited as a pre-evaporation step before CIGS deposition, it is only logical that the Na would be located at the bottom of the sample. Given the lack of the expected alkali atom migration, the main reason for the degradation of the cells seems to be the presence of water that seeps into the grain boundaries of the solar cell material, which could also be observed using APT.
H3O + ions were detected in both the reference as well as the degraded sample. However, the concentration of these ions in the degraded cells is highly superior in the sample after ALT. Since during the ageing process the sample is continuously exposed to an environment that is very heavily water saturated, it seems logical that water can seep into the sample, in the absence of any kind of protection barriers. Even though H3O + ions are detected all over the sample, suggesting that the water is also able to infiltrate the grains themselves, most of them are trapped in the grain boundary. This could be seen as a proof that the grain boundaries do indeed serve as diffusion lanes through the absorber material.
Since the alkali atoms do not seem to have moved extensively during the 1000h long low heat treatment, it appears that the presence of water in the absorber material is the main reason for the degradation of the solar cell performance. If that were to be the case, it seems reasonable to assume that given the right heat treatment, the sample could be either partially or even totally restored to its original state.
Therefore, the possibility to reverse that degradation mechanism involving water inclusion is currently under investigation.
IV. CONCLUSIONS
By submitting ultra-thin CIGS solar cells to accelerated lifetime testing and monitoring the evolution of the solar cell parameters over time, we were able to conclude that the concentration and mix of alkali atoms present in the sample have an impact on the its degradation. APT of samples degraded as well as reference samples showed that, in the absence of a potential, this degradation is not due to extensive alkali migration but could rather be explained by very pronounced seeping of water into the grain boundaries of the solar cell material. In addition, heavy corrosion of the contacts of the solar cells leads to increased difficulty to measure IV and obtain reliable results. If the presence of water in the absorber material is the only reason for the degradation of the solar cell performance, it is very well imaginable that an appropriate heat treatment of the material could lead to partial or even total restauration of the performance.
